Background-Prolongation of the QT interval after exercise can be used to help diagnose long-QT syndrome, especially when the resting QT interval is borderline. The aim of this study was to determine the normal ranges for QT and corrected QT in the recovery phase after exercise in children. Methods and Results-Ninety-four volunteer boys and girls aged 8 to Ͻ17 years without any history of heart disease underwent exercise testing and had a 12-lead ECG performed in the supine position for 10 minutes of recovery. The QT was measured using a standardized tangent method, with the baseline defined as the Q-Q line. The recovery QT was maximally short at 1 minute of recovery in 93 of 94 children then lengthened and stabilized at 4 to 5 minutes recovery. The recovery QT lengthens as heart rate decreases in an approximately linear fashion with a mean increase of 15 ms per 10-beat decrease in heart rate. The 98th percentiles for the corrected QT using the Bazett formula during minutes 4 to 6 in recovery were from 482 to 491 ms. There was excellent intraobserver and interobserver reliability, with intraclass correlation coefficients of 0.95 and 0.88, respectively. Conclusions-There is substantial individual variability of the normal repolarization process in the postexercise recovery period in children. The study provides a reference for normal responses for similar populations using a specific measurement protocol that can be easily applied. (Circ Arrhythm Electrophysiol. 2011;4:448-455.)
T he congenital long-QT syndrome (LQTS) results from defects of cardiac repolarization caused by abnormal ion channel function. More than 12 genetic variants have been described so far, but up to 30% of patients with LQTS do not demonstrate one of the currently described mutations. 1, 2 Classically, the abnormal repolarization results in QT prolongation on the ECG; however, it is now recognized that up to 30% of gene-positive individuals may have a normal corrected QT (QTc) interval at rest (phenotype negative). 3, 4 Although the mean values of QT intervals for noncarrier and carrier populations are significantly different, the distribution of individual values overlaps considerably, making diagnosis or exclusion of LQTS from the ECG problematic for many individuals. [5] [6] [7] 
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In subjects with borderline QT intervals, LQTS may be unmasked by provocative maneuvers, such as epinephrine challenge or an exercise stress test. 8 -10 The behavior of QT and QTc intervals during the recovery period of an exercise test has been proposed as a means of diagnosing LQTS. 9 Although the QT and QTc intervals from a normal population may behave differently from that of carriers of LQTS, there could be considerable overlap of individual responses that make differentiation extremely difficult, as for the resting ECG. Uncertainty about the normal QT and QTc responses to exercise may lead to incorrect classification and diagnosis. Indeed, many patients evaluated at a specialist referral center were incorrectly diagnosed and treated because of erroneous ECG evaluation. 7 Despite the advent of genetic testing, clinical assessment remains paramount, particularly for the 30% of individuals who do not carry any of the currently identifiable mutations.
Data obtained from predominantly adult patients have helped to clarify the range of normal responses to exercise. 9 However, normative data for the QT and QTc intervals during recovery from exercise in children are limited. [11] [12] [13] The aim of the present study was to determine the normal values of QT and QTc in the recovery phase after exercise in children, with the further goal of clarifying the variability around this normal response.
Methods

Study Design
We analyzed data from 94 volunteer boys and girls aged 8 to Ͻ17 years without any history of heart disease. Approval of our institution's Ethics Committee was obtained. The volunteers underwent clinical cardiac examination and recording of a standard baseline 12-lead ECG (Nihon Kohden; Tokyo, Japan). Informed consent was obtained from all subjects and their parents. The data were originally collected to establish normative data for T-wave alternans in children. 14 No volunteer was receiving medication known to prolong the QT interval.
Exercise Test
Exercise testing was performed using a bicycle ergometer and CH2000 system (Cambridge Heart Inc; Bedford, MA). The exercise and recovery ECGs were filtered using the proprietary Wavestar filter designed not to effect QT morphology or measurements. Resting 12-lead ECG data using the exercise equipment were collected in the sitting position (time 0). The exercise protocol began at 30 W and increased in 30-W increments every 3 minutes. The maximum heart rate achieved during exercise was recorded. After exercising to maximum capacity, the subjects immediately lay down in the supine position and underwent a recovery period of 10 minutes with continuous 12-lead monitoring and recording of the ECG at 1-minute intervals for the first 10 minutes of recovery.
Measurement
Measurements were made by a single observer (W.R.B.). Exercise QT and QTc at time 0 and for each minute after the end of exercise (for 10 minutes) were measured in lead II. Measurements were made manually under magnification adjacent to a scale with 20-ms segments by the tangent method from the beginning of the earliest onset of the QRS complex to the end of the T wave. 15 The QT was documented to the nearest 5 ms (one fourth small square). The end of the T wave was defined as the intersection of a tangent from the steepest slope of the last limb of the T wave and the baseline. Because of the high incidence of baseline movement after exercise, we defined the baseline as the Q-Q line to provide a consistent reference (online-only Data Supplement Figure 1 ).
For each measurement of exercise ECGs from time 0, 4 consecutive QT intervals and their corresponding preceding RR intervals were measured. For QTc calculation, 4 individual QTc intervals were calculated and then averaged. When sinus arrhythmia was present, we chose 4 consecutive QRS complexes that included the shortest RR interval on the page in order to attempt to treat sinus arrhythmia consistently. For the standard baseline 12-lead ECG performed before exercise, the QTc was measured in lead V5 and calculated using the average heart rate.
Statistical Analysis
Statistical analyses were performed using Stata version 10 (Stata-Corp; College Station, TX) software. Graphs were constructed using GraphPad Prism version 4.1 (GraphPad; San Diego, CA) software.
Demographic, baseline ECG, and exercise data are described using meanϮSD. Limits of the normal range for the ECG measurements are described by the second percentile and the 98th percentile. However, because of the potential for lack of robustness of the tails of percentiles due to sample size limitations, we have included 90th, 95th, and 98th percentiles to define the upper limits of the distribution. The lower limits of the data have been defined by the second percentile and are not the focus of the analysis.
The recovery period data were analyzed in 2 ways: time and heart rate. The time variable was 1-minute increments from 1 minute after peak exercise to 10 minutes in recovery. The heart rate data are grouped into categories of 10-beats/minute width between 80 and 160 beats/minute. Heart rates Ͻ80 beats/minute and Ͼ160 beats/ minute were grouped into single categories. Similarly, RR intervals were grouped into 50-ms categories. Descriptive data for repeated measurements during recovery are summarized using summary measures (overall means and change from baseline, ⌬QT and ⌬QTc). 16 The univariable effects of sex were tested by unpaired t tests for baseline characteristics and for effects at each time point for heart rate, and both time and heart rate category point in recovery for QT and QTc intervals. The Kolmogorov-Smirnov test was used to assess evidence of deviation from normality for electrocardiographic measures of interest at each time point in recovery.
Independent variables of interest were age, sex, exercise duration, maximum achieved heart rate during exercise, baseline QT and QTc measurement, heart rate, and time in recovery (as a linear and quadratic function). The dependent variables of interest were QT, QTc, ⌬QT, and ⌬QTc.
Associations were investigated using a generalized estimating equation approach to account for the correlation between measurements due to the longitudinally acquired repeated measurements. The analysis used an exchangeable correlation structure with a robust estimator of variance. Heart rate was incorporated as a continuous variable during regression analysis.
The raw QT measurements were corrected for heart rate using 3 formulae: the Bazett 17 
Reliability
Intraobserver reliability was examined by averaging 4 consecutive QT intervals in lead II from 25 randomly selected ECGs on 2 separate occasions. The ECGs were presented in random order, and the measurer was masked to the previous measurements. Interobserver reliability was analyzed for the same 25 tracings. The reliability was assessed by the paired t test, the limit of agreement method of Bland and Altman, 20 and the intraclass correlation coefficient. 21
Results
One hundred children were recruited for the original study. Two with prominent murmurs underwent echocardiographic examination that was normal. All remaining volunteers had normal clinical examinations and resting 12-lead ECGs. There was no family history of the congenital LQTS, and the volunteers were not taking any medications that could prolong the QT interval. Recovery QTc data were unavailable for 4 volunteers, the baseline QT measurements were missing in 1, and RR-interval data at 1 minute were missing in another. The final analysis sample included the remaining 94 volunteers.
Volunteer demographics and baseline characteristics are shown in Table 1 . Girls had significantly higher resting heart rates. Boys exercised for a longer duration than girls; however, the achieved maximum heart rates were not different. Throughout the recovery period, girls had significantly higher heart rates at each time point. For recovery, at least 67 QT measurements were available at each time point (median, 79; range 67 to 94). Missing data were predominantly related to periods when it was judged that nonspecific ST changes precluded meaningful measurement. The Kolmogorov-Smirnov test provided negligible evidence against the null hypothesis of normality at each time point and heart rate category, indicating that it is appropriate to describe the data by sample meansϮSD. Table 2 shows sample mean, SD, median, and percentiles for QTc measurements for each heart rate category and for each time point in recovery. There were sex differences at some time points and heart rate categories for all formulas, but the overall differences for the recovery period were small (QTc using the Bazett formula [QTcb], 5.4 ms; QTc using the Hodges formula [QTch], 8.1 ms; QTc using the Fridericia formula [QTcf], 0.6 ms); therefore, the data were combined. The percentiles describe the limits for the QTc intervals within a normal population. The heart rate decreased during recovery but, on average, did not reach baseline by 10 minutes, with the average heart rate for the entire group being 90 beats/minute at rest and 111 beats/minute at 10 minutes. The heart rate plateaued at Ϸ4 minutes in recovery.
QT and QTc Versus Heart Rate
The QT lengthened as heart rate decreased in an approximately linear fashion, with an average increase of 15 ms per 10-beat decrease in heart rate. The QT interval did not reach a plateau ( Figure 1A ).
QT shortening in exercise continued into the recovery period ( Figure 1C ). The average shortening (⌬QT) was 77 ms at the maximum postexercise heart rate. QT lengthening above the baseline (⌬QT Ͼ0 ms) was not seen until heart rates were between 110 and 120 beats/minute. In this range, 4 of 61 individuals had ⌬QT Ͼ0 ms, whereas 13 of 49 showed lengthening at heart rates between 100 and 110 beats/minute. The Bazett formula gave longer QTc measurements than the Hodges formula, and the Hodges formula gave longer measurements than the Fridericia formula ( Figure 2B , Table 2 ). In addition the graphs show the increasing and then decreasing characteristics of the QTcb and QTcf intervals compared with the QTch, which progressively decreased with decreasing heart rates ( Figure 1B) .
The average ⌬QTcb was not different from 0 for rates Ͼ140 beats/minute in the recovery period. However, there was wide variability, with about one half of subjects having shortening of the QTcb (negative ⌬QTc) and half showing lengthening. Both ⌬QTcf and ⌬QTch were significantly different from 0 for most of the recovery heart rates (online only Data Supplement Table 1 ). The contours of the relationship are shown in Figure 1D . Combined data for QTcb versus heart rate category, RR interval, and time in recovery are provided in online-only Data Supplement Table 2 .
QT and QTc Versus Time
The recovery QT was maximally short at 1 minute in 93 of 94 subjects, lengthened, and then stabilized at 4 to 5 minutes recovery ( Figure 2A ). The ⌬QT, as an index of shortening, shows that the average shortening was 70 ms by 1 minute; stabilized at Ϸ5 minutes; and remained, on average, 20 ms shorter for the duration of the recovery period (online-only Data Supplement Figure 2 ). There was no difference between boys and girls. The QT interval was, on average, still 20 ms shorter at 10 minutes recovery than at baseline. The QT interval lengthened in a minority, with 9% to 16% of individuals having a ⌬QT Ͼ0 ms at some time between 4 and 10 minutes in recovery; however, mean ⌬QTϩ2 SD was Ͻ20 ms at all time points (online-only Data Supplement Table  3A ). The recovery interval characterized in RR intervals showed similar results as the heart rate categories, and the data are presented in online-only Data Supplement Table 3B .
Each correction formula creates a different relationship with time during recovery from exercise. QTcb and QTcf lengthened and plateaued, with the peak between 4 and 7 minutes (usually at 5 or 6 minutes). QTch showed a relatively flat response against time in recovery. The 98th percentile for the commonly applied Bazett formula (QTcb) during minutes 4 to 6 in recovery were from 482 to 491 ms ( Figure 2B , Table 2 ). Repeated ANOVA measures, however, show that there were statistically significant differences in the means at each time point throughout recovery for QTcb and QTcf. These statistical differences became nonsignificant for QTch at 7 minutes in recovery. The flattening is clear from the graphs and the raw data from Table 2 .
Each correction formula is associated with an individual response for the change in QTc compared with baseline (⌬QTc). On average, the ⌬QTcb was negative at 1 minute and lengthened thereafter, with a plateau at around 4 minutes.
The ⌬QTcf was negative for 3 minutes and then plateaued close to 0 (3 to 7 ms), indicating that nearly half of the individuals had shortening and half had lengthening of the QTcf during recovery. On the other hand, the ⌬QTch was positive and relatively stable throughout the entire recovery period (online-only Data Supplement Figure 3 and Table 4 ).
Regression Analysis
Univariable and multivariable analysis was performed using the general estimating equation approach to account for longitudinal, correlated data. The shape of the data suggested a quadratic relationship with time (minutes in recovery), and a time-squared predictor was added. Heart rate in recovery and time point of recovery were entered into the multivariable analysis.
For QT interval, sex was not a significant predictor of the QT response in recovery. Significant univariable predictors were age, baseline QT interval, maximum heart rate, heart rate, and the time predictors. These predictors, except age, retained significance in a multivariable model (online-only Data Supplement Table 5 ). Overall, QT interval was shorter with higher maximum heart rates achieved during exercise and recovery heart rates and longer when there was a longer baseline QT interval.
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Univariable and multivariable analysis of the QTc intervals showed that each formula has specific effects on the relationship with heart rate that models itself differently. Interpreting the relationships with predictor variables needs to be done with extreme caution because the heart rate used in the calculation is itself highly associated with sex, age, exercise duration, and maximum heart rate. The changes in QTc intervals with time in recovery were obvious from the descriptive analysis and confirmed by the highly significant quadratic relationship with time (timeϩtime squared) for QTcb, QTcf, and QTch. Important interactions between heart rate and time are shown for QTcb and QTcf but not QTch. Baseline QTc is an important predictor with all the formulas (online-only Data Supplement Table 5 ).
An analysis of the recovery ECGs with the data dichotomized at a QTcb of 460 ms was performed. This was done in 2 ways: as a summary measure (QTcb Ͼ460 ms at any time point in recovery was considered positive) and as a longitudinal measure in recovery and analyzed using a general estimating equation, as for the raw QT and QTc data.
QTcb at time 0 was a significant predictor of a QTc Ͼ460 ms at some time point in recovery (Pϭ0.013) as was the QTcb on the preexercise standard 12-lead ECG (Pϭ0.051). Age, sex, and maximum heart rate were not significant predictors.
Multivariable analysis of the longitudinal data throughout recovery showed that QTc Ͼ460 ms throughout the recovery period was best modeled by the baseline QTc, exercise duration, heart rate, and time point in recovery. Age, sex, and maximum heart rate were not significant, and there were no significant interaction terms between heart rate and time in recovery. In summary, the dichotomized data and continuous data provided similar information about the behavior of the QTcb.
Reliability Results
There was very high intraobserver reliability for the lead II measures of the QT interval, with the intraclass correlation coefficient being 0.95 (95% CI, 0.89 to 0.98). The mean difference was 2.2 ms (Pϭ0.15) with the limit of agreement between Ϫ12.5 and 17 ms. Similarly, a comparison between QT measures taken from lead II and lead V5 showed high reliability. The intraclass correlation coefficient was 0.90 (95% CI, 0.78 to 0.95), and the mean difference was 0.1 ms (Pϭ0.96), with the limit of agreement between Ϫ20 and 21 ms. These results indicate that leads II and V5 provided "exchangeable" measurements of the QT interval when using the tangent method and by defining the isoelectric line as per the protocol.
There was excellent interobserver reproducibility. The mean difference between measurers was 0.9 ms (paired t test Pϭ0.71), and the limit of agreement was between Ϫ22 and 23 ms. The intraclass correlation coefficient was 0.88 (95% CI, 0.77 to 0.97). 
Application of Results
An example of the application of the current data for QTcb is shown in Table 3 . Using the mean and SD for each minute and heart rate category, the data show the percentage of children of similar age who will have QTcb intervals equal to or greater than the selected values, which would be considered abnormally prolonged on a resting ECG.
Discussion
Many experienced pediatric cardiologists use the recovery QTc to help diagnose LQTS. To define abnormal, however, it is important to know what is and can be normal. The important finding from this study is that the normal repolarization response during the recovery period of an exercise test is subject to significant individual variability. Despite the population average QTc being within the usual normal range for a resting ECG, individual responses can appear prolonged. The major consequence of this finding is that caution should be applied before interpreting as abnormal the QTc intervals obtained during recovery from an exercise test in an individual patient.
In addition, the QT-interval response to exercise is a complex phenomenon that is determined by both time and heart rate, and neither alone sufficiently explains individual responses. Therefore, defining a QTc at a single heart rate or time points is incomplete. The interactions in multivariable analysis show that the QTc at a given time point may vary with the level of the heart rate or, conversely, that the effect of heart rate may vary with the time in recovery at which it was taken. This held true for QTcb and QTcf but not for QTch or the raw QT measurement, exemplifying that the correction formula itself has a complex effect on our attempts at understanding repolarization during recovery.
A further example is seen by comparing the QT intervals against heart rate or time. The heart rate data give the impression of progressively lengthening QT intervals in recovery; however, the time data show that the QT tends to plateau after 6 or 7 minutes, reflecting the fact that in this age group, the heart rates did not progressively decrease throughout recovery.
Sex was a significant univariable predictor of recovery QT and QTc but was not a significant predicator of QT and QTc response in recovery when other predicators were included. This appears to be because of sex differences for baseline QTc, exercise duration, and heart rates at each minute of recovery, and the variance explained by sex was taken up by the other variables in the multivariable models.
There is substantial between-study and within-study variability of the methodology used by other investigators to measure QT in recovery. Different leads (II, V5, V3, longest QT, tallest T wave) have been used as well as different combinations (II, V5, or average of both) in the same or different individuals in the same study. The tangent method is frequently used, but there is variability in defining the termination point (end of T wave, isoelectric line of TP segment, PQ line). We combined the tangent method with a consistent approach to the termination point-the intersection of the tangent with the Q-Q line as the baseline. The Q-Q line can be drawn even during periods of baseline variability. It is impossible to know whether this method is more accurate, only if it is consistent. Different methods may produce consistently shorter or longer measurements (biased) than another method, as may measuring the QT interval in different leads. The method of defining the end of the QT interval in our study, that is, the intersection of the tangent line with the isoelectric line drawn between consecutive Q waves, has provided excellent intraobserver reproducibility and interobserver reliability. A comparison of our study to previous studies in normal children is provided in Table 4 .
There is considerable variability in the degree of shortening of the QT interval with exercise as shown by the ⌬QT data. However, the QT uniformly remains shorter than the resting QT until after the heart rates have returned to Ͻ120 beats/minute but may show lengthening by 2 minutes of recovery, depending on the heart rates. The changes in the QTc intervals (⌬QTc) from baseline show substantial individual variability and formula-specific responses. For example the QTc may show considerable lengthening (QTch) or shortening (QTcf) in early exercise recovery and then return toward baseline. This highlights the difficulty inherent in trying to understand the physiology of repolarization in exercise recovery from a derived quantity such as the QTc.
Some investigators have shown that the recovery ECG after exercise testing may be useful to differentiate control subjects from those with LQTS as well as to identify specific genotypes. 9, [22] [23] [24] [25] The method of assessing the recovery ECG is report specific, and so direct comparisons are difficult. QT, QTc, or changes in QT are investigated against time, RR intervals, fixed heart rates, or a heart rate as a percentage of the expected maximum heart rate. Chattha and colleagues 22 reported that a QTcb Ͼ0.445 s at end of recovery had a 92% sensitivity and 88% specificity for diagnosing LQTS. In the present report, a QTcb Ͻ0.445 s was only reached in Ϸ50% of subjects when a stable heart rate was reached after 5 or 6 minutes. A ⌬QTcb at peak exercise of 60 ms was reported by Wong and colleagues, 25 as separating patients with LQT1 from those with LQT2 and control patients, with a sensitivity of 60% and a specificity of 90%, and a level of 40 ms had a specificity of 83%. The present data are similar, although we collected data at the first minute of recovery. The 98th and 95th percentile for ⌬QTcb were 62 ms and 38 ms, respectively, indicating that levels beyond this would not be expected in a normal population within this age range.
The main limitation of our study is similar to that which afflicts all investigations that measure QT intervals during exercise: the consistent and reliable determination of the QT interval. In the presence of a stable baseline, the determination of the isoelectric line is less of a challenge. This is not the case at higher heart rates and in the presence of wandering baseline that occurs during exercise. In an attempt to minimize these effects, we measured lead II because the limb leads showed less baseline movement than the chest leads. Rather than extrapolating from the PQ segment, we connected 2 clearly and easily identified points: the Q-wave onset for 2 consecutive beats. The measurement was taken at the intersection of this line with the tangent from the steepest part of the T wave. Rather than mix data from measurements from various leads, as is frequently done, we elected to only measure in lead II, which we believe enhanced the external validity of the study and provided clear guidelines for those who wish to apply the data to their own patients for the purpose of determining whether they have normal or abnormal repolarization in the postexercise recovery period.
It is important that the results of our study are only applied to individual patient data when the measurement technique we have described are used; however, this caveat holds true for all the publications in this field. The excellent reliability of our methodology makes the application of our normative data accessible for clinical use. In particular, these are important data to apply in situations where an individual with low pretest probability could be incorrectly classified as having LQTS on the basis of a borderline resting ECG and isolated exercise test findings.
In conclusion, the present study clarifies that there is substantial individual variability of the normal repolarization process in the postexercise recovery period. The study provides a reference for normal responses for similar populations using a specific measurement protocol that can be easily applied. Careful consideration should be given before labeling an individual response as abnormal unless the demographics and measurement protocols are appropriate for the reference used.
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